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A femtosecond vacuum ultraviolet (VUV) pulse with high spectral resolution (< 200 meV) is selected
from the laser-driven high order harmonics. This ultrafast VUV pulse is synchronized with an infrared (IR)
laser pulse to study dissociative ionization in deuterium molecules. At a VUV photon energy of 16.95 eV, a
previously unobserved bond-breaking pathway is found in which the dissociation direction does not follow
the IR polarization. We interpret it as corresponding to molecules predissociating into two separated atoms,
one of which is photoionized by the following IR pulse. A time resolved study allows us to determine the
lifetime of the intermediate predissociation process to be about 1 ps. Additionally, the dissociative
ionization pathways show high sensitivity to the VUV photon energy. As the VUV photon energy is
blueshifted to 17.45 eV, the more familiar bond-softening channel is opened to compete with the newly
discovered pathway. The interpretation of different pathways is supported by the energy sharing between
the electron and nuclei.
DOI: 10.1103/PhysRevLett.114.113001 PACS numbers: 33.80.Rv, 33.80.Gj, 42.65.Ky
The development of ultrafast laser techniques enables us
to observe and steer dynamical processes in quantum
systems with unprecedented time resolution. The optical
pump-probe approach with femtosecond laser pulses
allows monitoring of the bond-breaking processes in a
chemical reaction [1,2], leading to the era of femtochem-
istry. The discovery of high order harmonics and their
application for ultrafast EUV pulse generation has extended
our time-resolved tools to the subfemtosecond scale,
resulting in the birth of attosecond science [3–5]. The
development of shorter light bursts is essential to capturing
ultrafast motion in the microscopic world.
On the other hand, in spectroscopic studies high energy
resolution synchrotron radiation has been regularly used to
probe atoms and molecules, and the energy structure of the
corresponding quantum system can be deduced from the
absorption spectra. Although the two aspects of a quantum
system, namely time evolution and energy structure, are
both of great importance, their relationship is governed by
the uncertainty principle. The precise determination of time
is accompanied by downgrading the precision of the energy
information, and vice versa. Thus, an outstanding question
is: Is it necessary to treat the time and energy resolution on
equal footing in order to gain more comprehensive or new
information of a physical process?
In this Letter we take the prototypical fragmentation
process, the light-induced dissociative ionization (DI) of a
deuterium molecule, as an example. During the bond-
breaking process, photons absorbed by the molecule break
it apart into a deuteron, a photoelectron and a deuterium
atom, leaving the system in the double continuum, where
both the electron and nuclei are in the continuum. The more
massive hydrogen isotope D2 is used because the ionic
fragment Dþ can be separated from the background Hþ,
providing experimental data with better quality.
Most previous work on the DI process has used either
ultrashort laser pulses [6–9] or monochromatic synchrotron
radiation [10]. Two rather significant issues of the DI study
are which pathway does the system follow to reach the final
products (identification), and how can one control these
pathways. The first issue is usually addressed by using
synchrotron radiation. By combining with coincidence
techniques, different DI pathways can be deduced from
the registered final fragments coming from the same
molecule [10]. However, monochromatic synchrotron radi-
ation lacks temporal structure and thus loses dynamic
control ability. As for the second issue, ultrafast laser
pulses have been considered as promising tools for
dynamic control over DI. A very pivotal experiment of
this kind is asymmetric bond-breaking control. By chang-
ing the carrier-envelope phase of a few-cycle near infrared
laser pulse [11], or by varying the timing of ultrafast
attosecond pulses relative to the phase of an additional
infrared (IR) field [7,8], deuterons produced in the DI
process can be predominantly ejected in one direction or
the other. Since this dynamic control relies on the inter-
ference of different pathways [12], the disentanglement of
the mixed pathways is not feasible, and thus the direct
identification of DI pathways becomes difficult.
To address both issues, i.e., identification and control, in
a single experiment, a light source preserving both tem-
poral and spectral resolution would be a straightforward
requirement. In this work, we compromise the time and
energy resolution of the electromagnetic field used for
initiating the DI process of D2 molecules. A 100 fs
quasimonochromatic vacuum ultraviolet pulse near
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17 eV is combined with a 50 fs IR pulse (802 nm) to
interact with deuterium molecules. This pump-probe
approach enables a study which is energy resolved by
tuning the vacuum ultraviolet (VUV) photon energy, and
time resolved by adjusting the delay between the VUVand
IR pulses. Two unique features in the DI process of D2
molecules have been discovered. First, a previously unob-
served fragmentation mechanism is found in which the
dissociation direction does not follow the IR polarization.
VUV-induced predissociation precedes ionization by the IR
pulse in this DI mechanism. A time-resolved study allows
the determination of the lifetime of the predissociation
process. Second, as the VUV photon energy is tuned from
16.95 eV to 17.45 eV, a shift made possible by the high
spectral resolution we achieve for the VUV, the molecular
fragmentation shows a transition from a single dominant
fragmentation pathway to two competing pathways. In the
second pathway, the VUV pulse removes an electron and
populates the ground electronic state of the cation molecule
Dþ2 . With an additional IR photon, the cation molecule is
promoted to a repulsive excited electronic state leading to
molecular fragmentation. This process is known as the
bond-softening (BS) mechanism [13,14].
The VUV light source is based on laser driven high order
harmonics. A 3 mJ, 50 fs, 802 nm infrared (IR) laser pulse
from a Ti:sapphire laser system is split by a beam splitter.
Part of the pulse energy is focused into a semi-infinite gas
cell (the cell length is much longer than the confocal length
of the driving pulse) filled with xenon gas for high order
harmonic generation. A grating-based monochromator
consisting of a pair of identical holographic blazed gratings
(3600 lines=mm) followed by a slit is installed after the
harmonic generation cell, allowing the selection of the 11th
harmonic (∼17 eV). The other part of the laser pulse energy
is combined with the 11th harmonic pulse to form a Mach-
Zehnder interferometer [15]. Both the 11th harmonic pulse
and the IR probe pulse are focused independently onto the
gas target in a reaction microscope [16,17]. Both ions and
electrons produced in the interaction are registered as
shown in Fig. 1(a).
The 11th harmonic pulse duration is determined to be
∼100 fs based on the IR-assisted photoionization of argon
gas. The photon energy of the 11th harmonic is calibrated
with the photoelectron spectrum of a gas-phase argon target
as shown in Fig. 1(b). The typical harmonic photon has an
energy of 16.95 eVand a bandwidth of 100 meV that is able
to resolve the spin-orbit splitting of the 2P1=2 and 2P3=2
ionic states of Arþ. By varying the focal position of the
driving laser pulse with respect to the exit of the semi-
infinite gas cell, the mean VUV photon energy is tunable
[19] from 16.95 eV to 17.45 eV. Note that the blueshifted
harmonic generally shows a slightly broader effective
spectral width of ∼150 meV.
Figure 1(c) shows the potential energy curves (PECs) of
D2. Considering that the weak VUV pump interacts with
the target via a single photon process, it is energetically
forbidden to produce Dþ fragments with the 11th harmonic
alone. A delayed IR probe pulse can feed additional
photon(s) and thus open the DI channel. The key ingre-
dients of our optical initiator, i.e., the VUV pump near
17 eVand IR probe, thus have to cooperate with each other
to fragment the molecules. How the pump and probe
cooperate and how to steer that cooperation are the main
questions to be addressed in this work.
In the experiment, the IR probe intensity is
2 × 1012 W=cm2 and the DI caused by the IR probe alone
can be neglected. We first fix the delay so that the IR arrives
after the VUV pulse (∼9000 fs), where the DI yield
saturates. Figure 2 shows results of the measurement
using a 16.95 eV VUV pump pulse. Two polarization
configurations are utilized; i.e., the IR polarization
direction is parallel or perpendicular to that of the VUV
beam, respectively. The measured Dþ fragment has a
kinetic energy peaking around 0.2 eV. The energy sharing
between the nuclei and the electrons follows energy
conservation [dashed line in Fig. 2(d)]: Ee−þEDþEDþ ¼
Ee−þ2EDþ ¼ℏω11þℏω0−Ediss, where Ediss ¼ 18.15 eV
is the dissociation limit into Dð1sÞ þ Dþ. Figure 2(d)
indicates that the major reaction involves a two photon
process, i.e., the net absorption of one VUV photon and one
IR photon, with the electron carrying almost zero kinetic
energy. A unique feature of this process, compared with the
familiar BS mechanism, is that the Dþ fragmentation
direction does not follow the IR polarization direction
[Fig. 2(a) and Fig. 2(b)], but rather the VUV polarization
direction.
We invoke a predissociation mechanism to interpret the
new DI pathway in Fig. 2. When the D2 molecule is
exposed to photons with energies greater than the first
ionization threshold (15.4 eV), it can be singly ionized into
FIG. 1 (color online). (a) The schematic illustration of the
reaction. (b) Photoelectron spectrum of argon from the 11th
harmonic. (c) Part of the Dþ2 and D2 PECs adapted from Ref. [18]
and references therein. The dotted lines represent the doubly
excited states.




the 1sσg cation state as expected. However, other processes
can compete with direct ionization. For instance, singly
excited Rydberg states of neutral D2, which are termed as
superexcited states [20], can be populated through elec-
tronic excitation. Doubly excited states can also contribute
but are precluded for the VUV photon energies used. It has
been reported that the superexcited states of the hydrogen
molecule are very weakly coupled by nonadiabatic cou-
plings to energetically allowed dissociation channels con-
sisting of one ground state and one highly excited hydrogen
atom [21,22]. Therefore after photon excitation these states
remain stable for some time but eventually dissociate into
two separated atoms. If an IR photon is introduced at a later
time, the excited atom can be photoionized producing a Dþ
fragment, appearing to be a new DI mechanism but with
dissociation leading the ionization in time. Now, we use the
electron-ion energy sharing to check the validity of this
interpretation. According to this mechanism, a 16.95 eV
VUV photon will populate vibrational states on an elec-
tronic curve with a Dðn ¼ 1Þ þ Dðn ¼ 4Þ dissociation
limit. Then the superexcited molecule can predissociate
into two atoms [Dðn ¼ 1Þ and Dðn ¼ 3Þ] with each of them
carrying a kinetic energy of EDþ ¼ ð16.95 − 16.6Þ=
2 ≈ 0.2 eV. The kinetic energy of the associated photo-
electron is Ee−¼ℏω0−Ipðn¼3Þ¼1.54−1.51¼0.03eV.
Furthermore, since the predissociation process is induced
solely by the VUV pulse, the dissociation direction is
expected to be independent of the IR polarization. These
predictions agree well with the measurement shown in
Fig. 2 within the system resolution.
We now proceed to a study of the dynamics of this
process by exploiting our ability to vary the VUV-IR delay.
Figure 3 shows the delay-dependent Dþ=Dþ2 ratio with
16.95 eV photons as the pump. This ratio shows an
enhancement when the IR pulse arrives after the VUV
pulse, and saturates at about 2000 fs delay when most of the
superexcited-state population has predissociated. Thus the
lifetime of the predissociation is estimated to be about
1080 fs. The predissociation linewidths of selected super-
excited states in H2 have been reported using synchrotron
radiation [22,23], from which the times for the predisso-
ciation processes can be deduced in the range from a few
tens of femtoseconds to a few picoseconds depending on
states involved. The present experiment is the first direct
measurement of this time.
We will next demonstrate the onset of a second com-
peting DI pathway by slightly tuning the VUV photon
energy. The blueshifted 11th harmonic (17.45 eV) is
applied to perform a similar measurement shown in
Fig. 4. Two features are now observed in the kinetic energy
spectrum of Dþ fragments, peaking around 0.08 eV and
0.4 eV, respectively. These two features exhibit very
different momentum distributions. The Dþ fragment with
lower kinetic energy dissociates preferentially along the
VUV polarization direction, which is similar to the dis-
tribution in Fig. 2. The Dþ with higher kinetic energy, in
contrast, preferentially dissociates along the IR polarization
direction and thus displays the behavior of the BS mecha-
nism. Therefore, we refer to the lower kinetic energy group
as DI via predissociation, and the higher kinetic energy
group as DI via BS.
The above identification can be confirmed with the
electron-ion correlation measurement [Fig. 4(d)]. With a
photon energy of 17.45 eV, the vibrationally excited states
FIG. 2 (color online). Dissociative ionization experiment with a
16.95 eV photon as the pump. Dþ momentum distribution with
the IR polarization (a) perpendicular and (b) parallel to the VUV
polarization; (c) Kinetic energy of Dþ fragment; (d) Dþ and
e− energy correlation map (logarithmic scale). Note that mea-
surements (c) and (d) are almost identical for the two polarization
configurations. We choose the perpendicular polarization con-
figuration for presentation. The calibration uncertainty for 0.7 eV
photoelectrons is 0.05 eV.















FIG. 3 (color online). Dþ=Dþ2 ratio as a function of the
VUV-IR delay. Positive delay indicates VUV preceding the
IR pulse. The red curve is a fit with the function:R
τ
−∞ dtA expððt − τ0Þ2=T2Þ þ B, where A and T are the amplitude
and width of the Gaussian function, τ is the VUV-IR delay, and B
and τ0 are offsets along the vertical and horizontal axis,
respectively. T is 650 fs in the fit.




in PECs with a Dðn ¼ 1Þ þ Dðn ¼ 5Þ dissociation limit
can now be populated. These states eventually predissociate
into a ground and an excited D atom with n ¼ 4. The
kinetic energy of each atom is expected to be EDþ ¼
ð17.45 − 17.3Þ=2 ≈ 0.08 eV. The Dðn ¼ 4Þ atom has a
binding energy of IPðn ¼ 4Þ ¼ 0.85 eV; thus, an IR
photon can photoionize the excited atom, releasing an
electron with a kinetic energy of Ee ¼ 1.54 − 0.85 ¼
0.69 eV. This energy sharing corresponds to Dþ fragments
with lower kinetic energy. In a second pathway attributed to
the BS mechanism, the VUV photon first strips a very slow
electron and populates the 1sσg curve near v ¼ 13. An IR
photon arriving thereafter can electronically excite the
molecular cation to the repulsive 2pσu curve, eventually
producing a Dþ fragment with kinetic energy around
0.4 eV. This energy sharing is consistent with the measured
data with Dþ carrying most of the energy shown in
Fig. 4(d). The two identified DI mechanisms are sketched
in Fig. 5.
The high sensitivity of the onset of the BS channel to the
VUV photon energy can be understood with the dressed
state Floquet picture [24]. In order to enable the BS
mechanism, the vibrational states populated by the VUV
photon have to surpass the barrier formed by the avoided
crossing of the dressed state PECs of Dþ2 for a net one
photon process. This barrier is 17.2 eV for our IR intensity;
thus, a VUV photon of 17.2 eV and above will be required
to launch this process. This phenomenon reveals the
significance of energy resolution in the VUV pump to
single out particular DI pathways.
It is worth pointing out that the dissociation and
ionization steps in both DI mechanisms are induced in a
sequential manner. For DI via predissociation, the pump is
responsible for the dissociation and the probe is responsible
for the ionization, and this order is reversed in the case of
DI via the BS mechanism. The disentanglement of the
dissociation and ionization offers efficient ways to steer
the DI process. By tuning the VUV-IR delay, the DI via
predissociation can be eliminated, allowing the control of
the branching ratio of the two DI pathways. By scanning
the VUV photon energy progressively towards the
Dð1sÞ þ Dþ dissociation limit, we anticipate the transition
from one DI channel (DI via predissociation) being
dominant to the other channel (DI via BS) dominating
the total DI yield. This is because with sufficient VUV
photon energy the BS mechanism is allowed to compete
with DI via predissociation. As the VUV photon energy is
approaching the Dð1sÞ þ Dþ dissociation limit, Rydberg
atoms with progressively increasing primary quantum
number n are produced via predissociation. The excited
electron in the Rydberg atom tends to behave more like a
free electron with increasing n, and is thus more immune to
the external IR pulse. Therefore, the DI via BS mechanism
is anticipated to become more dominant.
In conclusion, a tabletop VUV light source, which
possesses both time resolution (100 fs) and energy reso-
lution (< 200 meV), has been developed to investigate
dissociative ionization processes. By combining the VUV
with a delayed IR pulse, the onset of a previously
unobserved DI pathway is demonstrated in D2 molecules.
In this mechanism, the molecule first gets excited by the
VUV pulse and then predissociates into two separated
atoms. A following IR pulse then photoionizes the excited
atom. By adjusting the VUV-IR delay, the predissociation
yield can be altered and thus the lifetime of the molecular
predissociation process can be retrieved. This emphasizes
the necessity of short temporal width VUV pulses. By
varying the VUV photon energy from 16.95 eV to
17.45 eV, the DI process transits from a single dominant
pathway to two distinguishable competing pathways. This
highlights the significance of the spectral resolution of the
VUV pulse for launching different DI pathways. This
double dependence of the DI process, namely, the delay
dependence and the photon energy dependence, reveals the
significance of compromising between the temporal and
energy resolution of the initiator pulse in a photochemical
FIG. 4 (color online). Same as Fig. 2 but with the blueshifted
11th harmonic pulse (17.45 eV) as the pump.
FIG. 5 (color online). The two DI mechanisms identified using
the 17.45 eV photon as the pump.




reaction. We expect that this approach can be applied to
more complex molecules, offering the possibility of time-
resolved and channel-resolved studies of photochemical
reactions.
We thank K. D. Carnes for comments on the manuscript.
This work was supported by the Chemical Sciences,
Geosciences and Biosciences Division, Office of Basic
Energy Sciences, Office of Science, US Department of
Energy and the National Science Foundation under Grant
No. CHE-0822646.
*Present address: Department of Electrical Engineering and
Computer Science and Research Laboratory for Electron-
ics, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA.
[1] A. H. Zewail, Femtochemistry: Ultrafast Dynamics of the
Chemical Bond (World Scientific, Singapore, 1994), Vol. 1.
[2] A. H. Zewail, J. Phys. Chem. A 104, 5660 (2000).
[3] M. Hentschel, R. Kienberger, C. Spielmann, G. Reider, N.
Milosevic, T. Brabec, P. Corkum, U. Heinzmann, M.
Drescher, and F. Krausz, Nature (London) 414, 509 (2001).
[4] P. M. Paul, E. Toma, P. Breger, G. Mullot, F. Augé, P.
Balcou, H. Muller, and P. Agostini, Science 292, 1689
(2001).
[5] F. Krausz and M. Ivanov, Rev. Mod. Phys. 81, 163 (2009).
[6] F. Kelkensberg et al., Phys. Rev. Lett. 103, 123005 (2009).
[7] K. Singh et al., Phys. Rev. Lett. 104, 023001 (2010).
[8] G. Sansone et al., Nature (London) 465, 763 (2010).
[9] F. Kelkensberg et al., Phys. Rev. Lett. 107, 043002 (2011).
[10] F. Martín et al., Science 315, 629 (2007).
[11] M. Kling et al., Science 312, 246 (2006).
[12] V. Roudnev and B. D. Esry, Phys. Rev. Lett. 99, 220406
(2007).
[13] P. H. Bucksbaum, A. Zavriyev, H. G. Muller, and D.W.
Schumacher, Phys. Rev. Lett. 64, 1883 (1990).
[14] A. Giusti-Suzor, X. He, O. Atabek, and F. H. Mies, Phys.
Rev. Lett. 64, 515 (1990).
[15] W. Cao et al., Phys. Rev. A 84, 053406 (2011).
[16] J. Ullrich, R. Moshammer, A. Dorn, R. Dörner, L. P. H.
Schmidt, and H. Schmidt-Böcking, Rep. Prog. Phys. 66,
1463 (2003).
[17] R. Dörner, V. Mergel, O. Jagutzki, L. Spielberger, J. Ullrich,
R. Moshammer, and H. Schmidt-Böcking, Phys. Rep. 330,
95 (2000).
[18] U. Fantz and D. Wünderlich, At. Data Nucl. Data Tables 92,
853 (2006).
[19] W. Cao, G. Laurent, C. Jin, H. Li, Z. Wang, C. Lin, I.
Ben-Itzhak, and C. Cocke, J. Phys B 45, 074013 (2012).
[20] R. L. Platzman, Radiat. Res. 17, 419 (1962).
[21] M. Glass-Maujean, J. Breton, and P. M. Guyon, Phys. Rev.
Lett. 40, 181 (1978).
[22] M. Glass-Maujean, S. Klumpp, L. Werner, A. Ehresmann,
and H. Schmoranzer, J. Chem. Phys. 128, 094312 (2008).
[23] M. Glass-Maujean, S. Klumpp, L. Werner, A. Ehresmann,
and H. Schmoranzer, J. Mol. Spectrosc. 249, 51 (2008).
[24] A. Giusti-Suzor, F. H. Mies, L. F. DiMauro, E. Charron, and
B. Yang, J. Phys. B 28, 309 (1995).
PRL 114, 113001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
20 MARCH 2015
113001-5
